In order to implement a computer vision based reading recognition system for pointer gauges, we propose an algorithm to locate the pointer by searching for the minimal bounding rectangle (MBR) of the pointer region. Having determined the center of dial region and the centroids of scale marks, we build up a reference system for reading recognition with the dial region center and the scale mark centroids. To identify the indicating value of a gauge image, we rst detect the pointer region based on frame di erence, and determine the MBR of the pointer using the longest edge of its convex hull. We then take the centroid of the MBR enclosing the pointer region as the centroid of the pointer. We next take the connection between the pointer centroid to the dial center as the pointer, and calculate the indicating value corresponding to the pointer based on the angle method. Experimental results reveal the e ectiveness of the pointer location algorithm in computer vision based reading recognition for pointer gauges.
Introduction
Even though digital instruments and meters have become more and more popular, gauges with pointers are still widely used because of all kinds of advantages [1] [2] [3] . However, digital output signals are not available when using pointer gauges, whose measurement results have to be obtained through manual reading. To some extent, the ineciency and unreliability caused by manual reading reduce the performance of conventional metrological veri cation systems for gauges with pointers. Therefore, machine vision technologies which use cameras as human eyes have been adopted to automatically read the measurement results of pointer gauges. The machine vision methods are particularly applicable to this area under the background that the computer performance has been dramatically improved. Machine vision-based automatic reading recognition technology has always been attracting attention because it is about speci c applications. Due to the variety of shape and appearance of the pointer meter, there is no universal solution that can achieve good results under various conditions. Nevertheless, the key technologies that in uence the performance of the recognition system include scale marks detection, pointer detection and reading recognition. This is similar to human observation.
For scale marks detection, the connected-component method [4] and the central projection method [5] are most often adopted after scale region segmentation. For pointer detection, several methods like frame di erence [6] , Hough line detection [7, 8] , straight-line tting [9] , template matching [10] and central projection [11] have been proposed. There are mainly two methods for reading recognition when the pointer has been detected. One is the angle method [12] , which intends to calculate the de ection angle between the target pointer and the scale marks. The other is the distance method [1] , which recognizes the indicating value according to the distance between the detected pointer and corresponding scale marks [13] [14] [15] [16] [17] .
As shown in Figure 1 , the background of the scale region comes in three colors in our application. To tackle this problem, we locate the scale region in the S component of the HSV color space based gauge image, and segment this region from the V component. Having detected the scale marks using the connected-component method, we select to use the frame di erence method to detect the pointer, and use the MBR method to locate the centroid of the pointer. More importantly, we propose a fast algorithm to determine the MBR of the pointer using the longest edge of its convex hull. Finally, we select to use the angle method to obtain the indicating value. In the rest of the paper, we will introduce the overall architecture of the whole framework for reading recognition in Section 2. Then we will describe the details of gauge pointer detection for reading recognition in the next section. We will present the experiments and corresponding results in Section 4 and conclude the paper in Section 5.
Overview of the framework for reading recognition
As seen in Figure 2 , the whole reading recognition scheme adopted in this paper can be divided into 4 steps including dial template location, scale marks detection, pointer detection and reading recognition.
. Dial template location
For each gauge, two gauge images in which the pointers are at di erent positions are rst selected. Since the pixels in the background of the scale region have larger pixel values, the reference image of the dial template without pointers can be obtained by comparing the two images pixel by pixel and taking the larger value at each pixel. In this way, the Hough circle detection method can be then used to determine the position of the dial by searching for the center of the dial in the V component of the reference image.
. Scale marks detection
The scale region in the S component of the dial template is a region with high color saturation. Accordingly, we can utilize image processing methods to locate the scale region in the S component of the dial template. The S component of the dial template is rst converted to a binary image using a xed threshold value. Having determined the center and radius of the dial, we can segment the annular region with colored background from the dial template. The scale region is nally accurately located by excluding those connected-components with small areas. The scale region can be then segmented from the V component of the dial template since its location has been determined. After binarization, connected-component labeling is adopted to locate the centroid of each scale mark.
. Pointer detection
The pointer of each gauge image to be recognized is detected using a frame di erence method based on the gauge image and the reference image of the dial template. Then the pointer region is located using its MBR, and the centroid of the MBR can be taken as the centroid of the pointer. Therefore, the connection between the center of the dial and the centroid of the MBR can be seen as the pointer. The details of the process of pointer detection will be given in Section 3.
. Reading recognition
Having determined the positions of the scale marks, we can recognize the indicating value of a pointer based on the angle method. We rst connect the centroid of each scale mark to the center of the dial. We then connect the centroid of the pointer to the dial center and calculate the de ection angle between this connection and each connection corresponding to each scale mark. The closest scale mark is then taken as a reference for reading recognition. To calculate the de ection angle between the pointer and each scale mark, we build up a rectangular coordinate system whose origin is the dial center. Given the cen- troid of a pointer, we connect it to the dial center and calculate the de ection angle between the reference line and the connection. The scale mark corresponding to the minimal de ection angle is nally selected since it is closest to the pointer. The reading result of a pointer can be calculated based on the fact that the scale marks are evenly distributed.
Pointer detection and location
Given a gauge image corresponding to an indicating value, we convert it into HSV space and obtain its V component. To avoid the interference of background area and the center hole of the dial, we segment the annular scale region of the dial from the V component. As seen in Figure 3 , this segmentation is also done in the V component of the dial template. We then subtract the segmented V component of the gauge image from that of the dial template. After binarization and closing operation [18] , the pointer can be detected. The centroid of the pointer region is then determined and connected to the center of the dial to represent the pointer.
However, the detected pointer region may be incomplete when the pointer overlaps with the scale marks and characters. The closing operation has little e ect at this time. In this case, the centroid of the pointer will deviate if we determine it by taking the average coordinates of the pixels in the pointer region as the coordinates of its centroid. Considering the shape of the pointer is approximately rectangular, we can use the MBR to enclose the pointer region. Since the MBR is approximate to the ideal pointer, the centroid of the MBR can then be taken as the centroid of the pointer.
However, it is computationally expensive to search for the MBR. There is a commonly used method to nd the minimal rectangle based on a technique called "rotating calipers" [19] [20] [21] . This method depends on the fact that one side of the minimal bounding rectangle of an object coincides with one edge of the convex polygon containing this object. Therefore, only the orientations of the convex polygon's edges have to be considered in the process of searching for the MBR. An e cient "rotating calipers" algorithm [22] to determine the MBR of an object is shown in Figure 4 . The convex hull of the object is rst obtained and every edge of the convex hull is checked by spreading a pair of calipers around the object at the angle of each edge. The edge producing the minimum area from all the possible rectangles is nally chosen and the corresponding MBR is determined.
In our application, the pointer is thin. The longest edge of the convex polygon containing the pointer region can roughly determine the orientation of the longer side of the minimal rectangle enclosing the pointer. So we use a simpli ed "rotating calipers" algorithm without rotating the convex hull in every direction of its edges. As shown in Figure 5 , the detailed process is as follows:
(1) For a detected pointer region, its convex hull is rst computed based on the boundary points.
(2) The longest edge of the convex hull is selected. Suppose the two end-points of the longest edge are (x , y ) and (x , y ), the angle between this edge and the horizontal axis can be calculated as: Here the minus sign is used because of the fact that the y-coordinate increases downward. (3) The vertices of the convex hull are then rotated clockwise by an angle of θ to make the convex hull's longest edge parallel to the horizontal axis. The coordinate transformation can be expressed as [23] : Here (x, y) denotes the original coordinates of a point and (s, t) denotes the coordinates after rotation. If the angle of θ is negative, the convex hull is rotated anticlockwise. (4) The minimum and maximum coordinate values of the vertices after rotation can be determined as: s min , smax, t min , tmax. As seen in the sub gure (d) of Figure 5 , the four points (s min , t min ), (smax, t min ), (smax, tmax) and (s min , tmax) can determine a rectangle enclosing the pointer. This rectangle is then taken as the MBR. The coordinates of the MBR's centroid can be calculated as:
(5) The rectangle is then rotated by an angle of -θ to the original location of the pointer. As seen in the sub gure (e) of Figure 5 , the MBR is able to label the complete pointer region. The centroid of the rotated MBR is located as:
This point can be taken as the pointer's centroid in order to correct the centroid deviation of an incompletely detected pointer. It is obtained by rotating the convex hull only once.
Experiments
In order to evaluate the performance of the MBR based method we propose for locating the centroid of a pointer, we used a standard gauge to verify the reading recognition performance. The indicating value of the gauge ranges from − . to 0.9 and the minimal interval value between scale marks is 0.02. There are 51 scale marks in the scale region. As shown in Figure 6 , we selected 10 test values and captured 10 gauge images of size 531 × 800 corresponding to these test values. Here the V components of the 10 gauge images are fused into one image to save space. Figure 7 gives the result of pointer detection using the proposed method. The detection results of the 10 pointers are also fused into one image. The detected MBRs used to enclose the pointers are highlighted in red. The blue stars stand for the centroids of the MBRs enclosing the pointers. As seen in Figure 7 , our proposed method can accurately label the pointers. To provide a quantitative presentation, we give the centroids' coordinates of the detected MBRs in Table 1 . This indicates the e ectiveness of the method we propose to determine the MBR of a pointer from another perspective. In the process of pointer detection, the MBR of a pointer is determined according to the longest edge of its convex hull. In theory, this method is e cient since it avoids rotating the convex hull many times. To evaluate the e ciency, we also give the average time consumption for locating the MBR of each pointer using the proposed method in Table 1 . The results were obtained by running the same test 10 times. Experiments reveal that the time consumption of the method we propose is less than 1ms. This indicates that our method can be successfully implemented with low time consumption, which shows the good real-time performance of the proposed method. To compare with the results of manual reading, we further give the recognition results of the standard gauge in Table 2 and Figure 8 . It can be seen that the MBR based method can achieve higher accuracy. What is more, the recognition results of the method we propose are nearly the same to that of the manual reading method which determines the indicating values by human eyes. If we use the results of the manual reading method as reference values, the maximum relative error of our method is only 0.67%. This further shows the e ectiveness of the method we propose. 
Conclusion
Aiming at a machine vision based reading recognition system for an analogue gauge with pointers, we propose an algorithm for pointer detection by enclosing the pointers with MBRs to solve the problem of centroid deviation for incompletely detected pointers. Experimental results reveal that the method we propose for pointer detection can locate a pointer accurately and e ciently by determining its MBR according to the longest edge of its convex hull. This guarantees the e ciency and e ectiveness of the overall scheme for reading recognition. Even though the pointer detection method is proposed for a speci c application, it can still provide a valuable reference for similar applications concerning reading recognition. What is more, the algorithm for determining the MBR of an object based on the longest edge of the convex hull can be even applied to other related areas.
